The hydrophobin EAS from the fungus Neurospora crassa forms functional amyloid fibrils called rodlets that facilitate spore formation and dispersal. Self-assembly of EAS into fibrillar rodlets occurs spontaneously at hydrophobic:hydrophilic interfaces and the rodlets further associate laterally to form amphipathic monolayers. We have used site-directed mutagenesis and peptide experiments to identify the region of EAS that drives intermolecular association and formation of the cross-β rodlet structure. Transplanting this region into a nonamyloidogenic hydrophobin enables it to form rodlets. We have also determined the structure and dynamics of an EAS variant with reduced rodlet-forming ability. Taken together, these data allow us to pinpoint the conformational changes that take place when hydrophobins self-assemble at an interface and to propose a model for the amphipathic EAS rodlet structure.
The hydrophobin EAS from the fungus Neurospora crassa forms functional amyloid fibrils called rodlets that facilitate spore formation and dispersal. Self-assembly of EAS into fibrillar rodlets occurs spontaneously at hydrophobic:hydrophilic interfaces and the rodlets further associate laterally to form amphipathic monolayers. We have used site-directed mutagenesis and peptide experiments to identify the region of EAS that drives intermolecular association and formation of the cross-β rodlet structure. Transplanting this region into a nonamyloidogenic hydrophobin enables it to form rodlets. We have also determined the structure and dynamics of an EAS variant with reduced rodlet-forming ability. Taken together, these data allow us to pinpoint the conformational changes that take place when hydrophobins self-assemble at an interface and to propose a model for the amphipathic EAS rodlet structure.
A myloid fibrils were first identified in association with human diseases, but recent discoveries show that the amyloid ultrastructure also contributes to important functions in normal biology (1, 2) . In bacteria, fungi, insects, fish, and mammals, amyloid structures perform a wide variety of roles (3) . Functional amyloids in the form of fibrillar rodlets composed of class I hydrophobin proteins are found in filamentous fungi. These hydrophobins are small proteins that are secreted as monomers and self-assemble into rodlets that pack to form amphipathic monolayers at hydrophilic: hydrophobic boundaries, such as the surface of the growth medium (4) . These proteins are extremely surface active and lower the surface tension of the aqueous growth medium, allowing hyphae to break through the surface and to produce aerial structures (5, 6) . Many of these aerial structures subsequently become coated with amyloid rodlets, creating a hydrophobic layer that serves multiple purposes, including conferring water resistance to spores for easier dispersal in air (7) , preventing wetting or collapse of gas transfer channels (8) , enhancing adherence to waxy surfaces such as leaves during infection of rice plants by Magnaporthe grisea (9) , and mediating evasion of the immune system as is observed in Aspergillus fumigatus infections (10) .
Hydrophobins are characterized by the presence of eight cysteine residues that form four disulphide bonds, but the hydrophobin family can be further divided into two classes based on the spacing of the conserved cysteine residues and the nature of the amphipathic monolayers that they form (11) . Class I, but not class II, hydrophobins form amyloid-like rodlets that are extremely robust and require treatment with strong acid to induce depolymerization. The amphipathic monolayers formed by class II hydrophobins are not fibrillar and can be dissociated by treatment with detergent and alcohol solutions. The soluble, monomeric forms of hydrophobins share a unique β-barrel topology, and all have a relatively large exposed hydrophobic area on the protein monomer surface (4) . The diversity in sequence and chain length between members of the hydrophobin family is accommodated in the regions between the cysteines.
The ability of class I hydrophobins to spontaneously selfassemble into amphipathic amyloid monolayers at hydrophobic: hydrophilic interfaces structures has sparked interest in these unique proteins. Hydrophobin coatings adhere tightly to surfaces and reverse their wettability, making them attractive for coating hydrophobic solids such as carbon nanotubes (12, 13) and increasing the biocompatibility of medical implants (14) . In order to understand the multiple roles played by class I hydrophobin monolayers in fungal biology and to exploit potential biotechnological applications, we have focused on delineating the molecular structure of the polymerized amyloid form of the hydrophobin EAS from Neurospora crassa. We have used site-directed mutagenesis and peptide inhibition assays to identify the region of EAS that forms the spine of the amyloid structure in the polymerized form. Surprisingly, this region does not lie on the edge of the β-barrel or in the long, unstructured Cys3-Cys4 loop, two possibilities suggested by our initial determination of the structure of the EAS monomer (15) . Instead, the key region driving intermolecular association lies between cysteines 7 and 8, and this region can be transplanted into a class II hydrophobin to render it amyloidogenic. The structure and solution dynamics of a mutant form of EAS give insight into the structural rearrangement that accompanies rodlet formation. We have applied these experimental data to generate a molecular model for the EAS rodlet structure, demonstrating how the cross-β amyloid structure can arise through a simple conformational change in the Cys7-Cys8 region of EAS. In this model the bulk of the protein is accommodated on the periphery of the cross β-spine in a repeating arrangement that gives rise to the amphipathic nature of the functional amyloid monolayer.
Results
Prediction of Aggregation-Prone Regions in EAS. Several algorithms have been developed with the goal of predicting regions of protein sequence that have a high propensity for forming amyloid-like β-sheet polymeric structures. Given the evidence from X-ray fiber diffraction, electron microscopy, and Congo red and Thioflavin-T (ThT) binding that rodlets formed by class I hydrophobins are amyloid-like (15, 16) , we analyzed the amino acid sequence of EAS using several of these algorithms. TANGO (17) identified two potential aggregation-prone regions in EAS: residues L43-G51 and S71-A78 ( Fig. 1 A and B) . Submitting the EAS sequence for Zyggregator (18) analysis returned two regions that overlapped with the Tango prediction: residues S42-G55 and T68-A82 (Fig. 1C) . The Waltz algorithm (19) predicted either both of these regions Author contributions: I.M., A.H.K., and M.S. designed research; I.M., A.H.K., Q.R., V.K.M., W.Y., and M.S. performed research; I.M., A.H.K., and M.S. analyzed data; and A.H.K., J.P.M., and M.S. wrote the paper.
(using the high specificity setting) or only the N70-N76 region (using the best overall performance setting). Use of the 3D profile method implemented by ZipperDB (20) identified the regions G44-V49 and F72-A77 as having the lowest energies and composite scores, which is indicative of high amyloid-forming potential.
Identification of Residues Critical for Rodlet Formation. In order to test the validity of the predictions, 12 single-point mutants were produced by site-directed mutagenesis. In each mutant, a single residue in the V46-I50 or N70-N76 region was mutated to glycine, because this residue has a low propensity for β-sheet formation (21) . The mass of each mutant was verified by mass spectrometry and folding was investigated by one-dimensional 1 H NMR spectroscopy. Most mutants can be refolded to a native wild-typelike monomer form (see Fig. S1 ), although several appear to contain a larger proportion of unstructured chain, judging from the increase in intensities of 1 H signals in regions of the spectra that typically correspond to disordered polypeptide. The 1 H NMR spectra of the V46G and I50G mutants indicated that these proteins did not fold correctly. Residues V46 and I50 lie very close to Cys4 and Cys5, so it is possible these mutations have interfered with disulfide bond formation, which is critical for the core hydrophobin β-barrel. These proteins were not investigated further, but additional mutants, V46I and I50A, were produced and these were able to refold correctly in vitro (Fig. S1) .
The ability of the mutants to self-associate and to form ordered amyloid rodlets was investigated using a ThT fluorescence assay. Self-assembly of EAS monomers into the β-sheet-rich rodlet form that binds ThT was induced by agitation of the solution with a vortex mixer. This process promotes self-assembly by continuously creating new air:water interfaces that trigger intermolecular association and amyloid formation. As shown in Fig. 2A , substitution of the wild-type residues at any one of the positions between and including F72 and I75 by glycine had a dramatic effect on EAS self-assembly. Under normal assay conditions, wild-type EAS is fully assembled after 2 min, but no rodlets were detected for F72G, L73G, I74G, and I75G after 15 min of agitation. This effect is specific to the glycine substitution, because an additional F72A mutant was indistinguishable from wild type in this assay. In contrast, when the mutant proteins could refold to a WT-like conformation, glycine substitutions in the V46-I50 region did not reduce rodlet formation. The ThT assay result is supported by negative stain transmission electron microscopy (TEM): The morphology of V47G rodlets was very similar to that of wild-type EAS rodlets, although some disturbance of lateral assembly is observed. However, only amorphous aggregates could be observed in the F72G EAS sample after 10 min of agitation (Fig. 2B) . The effect of the F72G mutation was further probed in fulllength EAS and also in the context of EAS Δ15 , a truncated version of EAS that lacks 15 residues from the disordered Cys3-Cys4 loop. EAS Δ15 has much improved expression and purification properties compared with wild-type EAS, but it is otherwise indistinguishable in terms of monomer core structure, assembly kinetics, rodlet stability, and morphology (22) . We observed that with much extended agitation times, both EAS-F72G and EAS Δ15 -F72G were able to form rodlets (Fig. 3A) . Interestingly, large variations in the length of the lag phase before rodlet detection were observed for F72G on both backgrounds, even between samples from the same protein preparation. Samples removed for analysis by negative stain TEM during the lag phase revealed only amorphous protein aggregates. However, when F72G rodlets do eventually form, as judged by a plateau in ThT fluorescence, they are indistinguishable from those formed by wild-type EAS or EAS Δ15 in terms of morphology (Figs. 2B and 3B) and stability ( Fig. S2 A and B) .
The F72G Substitution Has Effects on Dynamics but Not on Structure.
The F72G mutant was chosen for further study because large aromatic residues have been suggested to be particularly important in stabilization of the β-sheet core of amyloid fibrils (23) . In order to determine the effect of the mutation on the solution structure of monomeric EAS and gain insights into the reason for the delay in initiation of rodlet assembly, we determined the solution structure of monomeric EAS Δ15 -F72G by nuclear magnetic resonance (NMR) spectroscopy.
Overall, the structure was of good quality (see Table S1 ) and demonstrates that the EAS Δ15 -F72G monomer ( Fig. 4 A and B) adopts a fold similar to that of the parent EAS and EAS Δ15 (15, 22) . The β-barrel core that is constrained by the four disulfide bonds is conserved in all three proteins. Comparison of the 20 lowest-energy conformers from EAS, EAS Δ15 , and EAS Δ15 -F72G reveals there are two poorly defined regions: the loop between Cys3 and Cys4 and the loop comprising residues V65-F72 (throughout the manuscript, residues from EAS Δ15 are numbered according to their corresponding position in full-length EAS; Fig. 4C ). F72 lies at the C terminus of the V65-F72 loop, on the periphery of the β-barrel (Fig. 4B ). The conformation of the adjacent L73-I75 β-strand in the EAS Δ15 -F72G structure is not perturbed by the nearby substitution; in particular, the two backbone hydrogen bonds that connect the L73-I75 β-strand to the β-barrel are still present (Fig. 4B ). Given that the glycine substitution was introduced with the aim of increasing chain flexibility and disfavoring incorporation into a cross-β structure, 15 N relaxation experiments were conducted to investigate backbone dynamics of the EAS Δ15 -F72G mutant. There was a small but significant increase in the T 1 relaxation time constant around the site of mutation (Fig. 4D ), such that, on average, the T 1 values for residues N70-L73 in the mutant are approximately 13% higher than in the parent EAS Δ15 protein.
While any glycine substitution would be expected to increase local backbone flexibility, it is significant that only substitutions in the region F72-N76 of EAS have an effect on rodlet assembly. Circular dichroism studies show that the secondary structure profile and thermal stability of the WT and F72G EAS Δ15 proteins are very similar (Fig. S2 D-F) . Together, these data suggest that the most likely reason for the longer lag phase is the delayed formation of a stable nucleus by the F72G mutant, arising from the increased flexibility due to the glycine substitution.
Investigating Intermolecular Contacts with EAS Peptides. Our results indicate that, of the two regions in EAS predicted to have a high aggregation potential, only residues in the F72-N76 region are critical for rodlet formation in the context of the surface-driven assembly that characterizes hydrophobins. In order to assess the true amyloidogenic potential of these sequences, we synthesized peptides corresponding to the two putative aggregation-prone regions (pep46-52 and pep70-76) and a third from a non-aggregation-prone region (pep10-16) and tested them for amyloidforming potential (Fig. 5A ). When dissolved in water, pep70-76 spontaneously assembled into amyloid fibrils that had typical amyloid morphology when viewed under TEM and gave rise to the characteristic cross-β X-ray fiber diffraction pattern (Fig. 5 B  and C) . The other two peptides did not assemble into fibrillar structures, even with extended incubation. Surprisingly, even though pep70-76 fibrils have a cross-β substructure, they do not induce ThT fluorescence (Fig. 5D ). This may be due to the short length, amino acid composition or individual morphology of the peptide. Similar observations for other peptide fibrils have been made by several laboratories (24, 25) .
We also carried out ThTassays on EAS in the presence of these short EAS-derived peptides. Because none of the peptides, in either the monomeric or fibrillar form, induces ThT fluorescence, any ThT fluorescence induced in agitated EAS:peptide mixtures must arise solely from EAS rodlets. When pep10-16 and pep46-52 were vortexed with EAS, no measureable change in either the rate or extent of the development of ThT fluorescence was observed ( Fig. 5D ). However, a mixture containing a 1∶1 molar ratio of pep70-76 and EAS gave significantly less ThT fluorescence under rodlet assembly conditions than EAS alone (30% reduction; p < 0.05; Student's t test), and an even greater reduction was observed with a fivefold molar excess (60% reduction; p < 0.01). A similar reduction in ThT signal was observed for a pep70-76:EAS Δ15 mixture.
The morphology of the rodlets formed in the presence of pep70-76 was examined by TEM. Fibrillar structures could be observed in the vortexed pep70-76:EAS Δ15 (5∶1) mixture, but these were generally shorter than pure EAS rodlets and lacked the ordered lateral packing (Fig. 5E) . No long fibrils (of the type observed in Fig. 5B) were present in the pep70-76:EAS Δ15 mixtures; confirming that pep70-76 interacts directly with EAS in these mixtures and is not available to self-assemble into peptide fibrils.
In order to probe the generality of our finding, we used Waltz (19) to analyze the amyloid-forming potential of the sequence of SC3, a class I hydrophobin from Schizophyllum commune that has been demonstrated to form rodlets (26) . This indicated that, as found for EAS, a segment between Cys7-Cys8 had a high aggregation potential. We synthesized a peptide corresponding to this region of SC3 (FNGLINI). This peptide formed fibrils spontaneously in solution (Fig. 5F) , suggesting that the presence of an amyloidogenic segment is likely to be a necessary feature of all Class I hydrophobins.
Converting a Class II Hydrophobin into a Class I Hydrophobin. A key difference between class I and class II hydrophobins is that only class I hydrophobins form amyloid-like rodlets. To test the hypothesis that the presence of an accessible amyloidogenic segment gives rise to rodlet-forming ability, we produced two chimeric hydrophobins: NChi2, in which the Cys7-Cys8 loop from EAS was grafted into the corresponding location in NC2 (a class II hydrophobin from N. crassa), and EChi2, in which the Cys7-Cys8 segment from NC2 replaced residues N70-N79 in EAS (Fig. 6A) . The presence of the EAS sequence transformed NC2 into a rodlet-forming hydrophobin, whereas the presence of the NC2 sequence rendered EAS non-rodlet-forming (Fig. 6B) . Rodlet formation by NChi2 was surface-dependent and required conditions of extended agitation at low pH and raised temperatures, conditions where wild-type EAS forms rodlets rapidly but NC2 and EChi2 do not. Variation in the length of the lag phase was observed in the NChi2 samples, but once formed, the chimera assemblies display the characteristic hydrophobin rodlet morphology (Fig. 6C) .
A Model for the EAS Hydrophobin Rodlet Structure. Hydrophobin rodlet formation is accompanied by an increase in β-sheet structure (11, 16) (Fig. S2G) . The results presented here suggest the S71-I75 region directly forms part of the cross-β core that is generated upon rodlet formation. In the monomer structure of EAS, this region is hydrogen bonded to the β-barrel and does not appear readily accessible for intermolecular β-sheet formation (Fig. 4B) . In order to determine whether the formation of such a cross-β core could be compatible with the monomer structure of EAS, we carried out molecular docking simulations using the data-driven docking program HADDOCK (27, 28) . Different sets of intermolecular hydrogen bond restraints between neighboring monomers over residues S71-I75 in both parallel and antiparallel arrangements were tested. Residues A1-T2 and those between Cys3 and Cys4, as well as those between Cys7 and Cys8, were defined as flexible in the docking procedure because of their observed flexibility in the NMR structures or involvement in, or proximity to, the identified assembly critical region.
These calculations indicate that the monomer structure of EAS is able to undergo a relatively straightforward conformational change that exposes the amyloidogenic region for intermolecular assembly while maintaining all four disulfide bonds (Fig. 7B ). An antiparallel arrangement of monomers is favored because this minimizes the steric clashes between the remaining bulk of the protein (Fig. 7 A and C and Fig. S2C ). Although hydrogen bond restraints were only applied to residues in the "trailing" part of the loop (residues S71-I75) in early models, the "leading" part of the loop (residues D64-T68) appeared to be positioned such that hydrogen bonds between adjacent monomers are possible. In addition, two Thr residues are located at positions 66 and 68. Notably, threonine is a residue that is commonly found in β-sheets. In subsequent runs hydrogen bond and dihedral angle restraints for this leading part of the loop were added. This generated a β-arch, with residues D64-T68 forming the leading strand and residues S71-I75 making up the trailing strand (Fig. 7A, Right) . In the docked model the side-chains of residues T66, N67, and T68 align and stack very well across adjacent monomers, such that N67 could potentially participate in interstrand side-chain hydrogen bond interactions (Fig. 7D) . Asparagine and glutamine ladders are believed to add extra stability to certain amyloids, in particular to some other functional amyloids (29, 30) . They are found in parallel β-helix proteins (31) and in the β-solenoid structure of the fungal prion amyloid formed by Het-S (32). Addition of restraints to incorporate an Asn ladder along the rodlet length reduced the total energy of the system by approximately 10%, suggesting that this interaction may indeed be present in EAS rodlets (SI Text).
In this hypothetical rodlet model, the spine of the cross-β structure is a pair of antiparallel β-sheets formed by S71-I75 and D64-T68 and the structure has a depth of approximately 2.7 nm. This dimension is consistent with direct measurement of the EAS monolayer thickness by AFM. When EAS is allowed to self-assemble from a dilute solution onto an atomically flat, fresh mica surface and imaged by AFM, the distinct rodlet morphology is visible and the height profile clearly shows that the rodlet structure has a thickness of approximately 2.5 nm (Fig. 3C) . We conclude therefore that the EAS rodlet layer is one-monomer thick. Apart from the conformational change in the Cys7-Cys8 loop, the hydrophobin fold is essentially maintained (including preservation of the four disulphide bonds). The bulk of the protein is accommodated along both sides of the β-spine (Fig. 7) . The width of the rodlet generated in this way is approximately 65 Å, which agrees very well with the measured width of approximately 61 Å for EAS Δ15 rodlets (22) . The amphipathic nature of the rodlets is also maintained in this model: In particular, T66 and T68 are located on one side of the structure, together with most of the charged residues from the remainder of the protein, whereas F72, I74, and other mostly hydrophobic residues are located on the diametrically opposite face (Fig. 7E) .
To test whether N67 is important for rodlet assembly and/or stability, a possibility suggested by this model, we generated the EAS Δ15 -N67G mutant and followed its rodlet assembly by ThT fluorescence assay. However, this mutation did not affect the rate of rodlet assembly nor rodlet stability. If this Asn ladder is present in EAS rodlets, it is possible that its contribution is small in the context of the extended network of hydrogen bonding that exists along both faces of the cross-β spine.
Discussion
While the amyloid characteristics of rodlets give a starting point for understanding the formation of fungal hydrophobin amyloid, there is much to learn about the triggers for the conformational change involved in rodlet formation, the sequence segments that are critical for assembly and the molecular structure of the functional monolayers.
Our mutagenesis studies indicate that glycine substitutions only within the F72-N76 segment of EAS and not elsewhere in the protein have a significant effect on rodlet assembly, identifying this region as the critical amyloidogenic segment. Our results demonstrate that the F72-I75 region directly forms the core of the cross-β structure in EAS hydrophobin functional amyloid rodlets. Not only can a peptide encompassing the sequence of this region form amyloid fibrils on its own, but when this sequence is transplanted into a class II hydrophobin, it confers rodlet-forming ability. Significantly, inclusion of pep70-76 in EAS assembly assays reduces the extent of EAS rodlet assembly and disrupts the fibrillar morphology and packing within the monolayer. This finding provides a starting point for the design of inhibitors that can reduce rodlet polymerization, which is an important step in fungal pathogenesis.
We previously proposed that EAS rodlet assembly might involve the monomeric β-barrels stacked head-to-tail at the interface, with or without involvement of the Cys3-Cys4 loop (15) .
However, we have subsequently demonstrated that the Cys3-Cys4 loop is not required for assembly (22) . In addition, although several different amyloid prediction algorithms identified two regions of high fibril-forming potential in EAS, our results demonstrate that in the context of the intact protein and surface-driven functional amyloid assembly, only the region F72-I75 within the Cys7-Cys8 loop is central to EAS rodlet formation.
Goldschmidt et al. highlight the importance of conformational freedom for the amyloidogenic segment to interact with other molecules (20) . In the solution structure of EAS, the Cys7-Cys8 bond tethers this loop at its base and the L73-I75 region (a short two-residue β-strand) links it to the edge of the β-barrel by two hydrogen bonds. Therefore, the only way in which the F72-I75 sequence can form the β-spine of an amyloid-structured rodlet is for a conformational change to take place. This does not happen spontaneously in solution, even at the high protein concentrations used for NMR structure determination, but requires association with a hydrophobic:hydrophilic interface. Surface tension is critical for triggering this conformational change, which may be analogous to the phenomenon of surface-induced denaturation of proteins (33) but is a functional requirement for Class I hydrophobins (34) .
The structures of EAS, EAS Δ15 and EAS Δ15 -F72G monomers all suggest that residues T66-S71, in the N-terminal half of the Cys7-Cys8 loop, are highly mobile in solution on the nanosecond time scale (15, 16) . Therefore, it is likely that a conformational change involving a larger proportion of the Cys7-Cys8 loop can take place upon contact with a suitable interface. In the crystal structures of the class II hydrophobins HFBI and HFBII solved in the presence of detergent, the Cys7-Cys8 loop in some of the monomers is observed in an extended conformation (35, 36) . While these class II hydrophobins do not form rodlets and the sequence of this corresponding region in the class II hydrophobins is not predicted to be amyloidogenic, the observation does indicate that this region of the protein is inherently mobile in response to a hydrophobic environment. In contrast, the region V46-I50 in the EAS protein, while predicted by four algorithms to be amyloidogenic, is flanked by Cys4 and Cys5, which form disulfide bonds with Cys3 and Cys2, respectively. The network of disulfide bonds imposes tight structural constraints on this segment. In addition, we did not find that the peptide corresponding to this region formed fibrils in vitro when dissolved in water, in spite of its predicted amyloid-forming potential.
Substitution of residues in the amyloidogenic F72-I75 region by glycines dramatically increases the lag phase for rodlet assembly. Studies on other proteins and polypeptides have indicated that amyloid formation generally follows a nucleation-dependent polymerization mechanism, with the length of the lag phase dependent on the characteristics of the association equilibria that lead to formation of the nucleus (37, 38) . Our data indicate that this is also true for EAS rodlet formation. Glycine residues can sample a much wider range of ϕ and ψ angles than other residues, allowing increased local dynamics, and this is indeed observed around the mutation site in EAS Δ15 -F72G. In the glycine mutants with an extended lag phase, the formation of a stable nucleus is slowed but not prevented and, when rodlets do form, they are indistinguishable from wild-type rodlets in terms of morphology and stability.
While most amyloid structures determined to date have demonstrated a parallel arrangement of monomers (39) (40) (41) , important characteristics of these functional hydrophobin rodlets support the antiparallel arrangement presented in this model. Critically, the antiparallel arrangement of monomers maintains the dimensions and amphipathic nature of the rodlet monolayer that is characteristic of these fungal assemblies and fundamental to their biological functions. A model with a parallel arrangement of the Cys7-Cys8 loop was generated, but the barrel of the protein could not be accommodated without severe steric clashes from overlapping adjacent monomers, and the docked structures were not consistent with the observed straight rodlet morphology (Fig. S2C) . Antiparallel arrangements have been predicted to form amyloid zipper structures (39) but to be rare because of sequence constraints (42) . An antiparallel arrangement has been seen in fibrils formed by the Iowa mutant of Aβ1-40 under certain conditions (43) , and recent models for RNase A, cystatin, and β 2 -microglobulin amyloid fibrils that involve domain swapping suggest that in the more complex situation of amyloid formation by segments within a mostly folded protein, antiparallel sheets may form steric zippers (44) (45) (46) . The model we present for EAS rodlets is similar to the antiparallel, face-to-face steric zipper, as proposed by Sawaya and colleagues (39) , but the sheets are composed of different sequences.
Furthermore, this model is compatible with the effects we observed in vortexed EAS:pep70-76 mixtures-namely, reduction in fibril length and disturbance of lateral packing compared with EAS rodlets alone. Lateral packing of the rodlets is required to form a monolayer, and the model predicts that the lateral assembly of rodlets involves interactions between the remaining bulk of the protein, contacts that the peptide cannot provide. This model would also explain the observation that rodlets composed of EAS Δ15 are narrower than those composed of wild-type EAS, given the positioning of the Cys3-Cys4 loop at the outer edges (22) (Fig. 7C) .
While it has long been postulated that a conformational change is associated with hydrophobin assembly from solution to rodlet states (11, 26) , the critical rodlet assembly region has not been pinpointed before. As proposed for other amyloid-forming proteins (20, 47) , a conformational change in the protein monomer is thought to expose a previously buried segment that is prone to cross-β stacking, leaving the bulk of the native fold of the protein largely unchanged. These conformational change models were designed to describe the behavior of proteins that "switch" to an amyloidogenic state due to a localized conformational change under appropriate conditions. The parallels with the functional amyloid formed by hydrophobins are apparent: Hydrophobins also have a nonamyloidogenic state (i.e., the monomeric solution conformation) and an amyloidogenic state (i.e., the conformation adopted at hydrophobic-hydrophilic interfaces).
Materials and Methods
All reagents and chemicals were purchased from Sigma-Aldrich, Astral Scientific, Amyl Media, or Ajax Finechem apart from chromatography grade methanol, which was purchased from Burdick & Jackson. Peptides were synthesized by standard FMOC chemistry using a PS3 Peptide Synthesizer (Protein Technologies) in the School of Chemistry, University of Sydney (pep70-76) or purchased from Genscript (pep46-52, pep10-16, and SC3-pep).
Prediction of Aggregation-Prone Regions and the Effect of Glycine Substitutions on Aggregation. Four different aggregation prediction programs, Tango (17), Zyggregator (18), Waltz (19) , and Profile3D (20) were used to identify putative regions responsible for the self-assembly of EAS into rodlets. Predictions of amyloidogenic regions using Tango were not affected by alterations in pH (3-7), temperature (283-310 K), or salt concentration (0-1 M).
Production of Mutants. The pHUE-EAS plasmid (15, 48) was used as a template to generate the required EAS mutants via either standard or two-step overlap extension PCR. Synthetic genes encoding NC2 and the chimera were purchased from Genscript and subcloned into the pHUE vector (15) . All proteins were expressed and purified as described in Kwan et al. (22) . Variant proteins were characterized by mass spectrometry and 1D 1 H NMR to verify introduction of desired mutation and correct refolding to native structure.
ThT Fluorescence Assays for Rodlet Assembly. Lyophilized EAS mutants (25 μg∕mL) were incubated with Thioflavin-T (30 μM) in 37 mM Tris, pH 8. Rodlet formation was induced by agitating in 1.5-mL Eppendorf tubes for 15 min at 3;000 rpm. Unvortexed solutions were used as negative controls. Fluorescence measurements were carried out as described previously (34) except the excitation and emission slit widths were set to 5 nm. Intensity at 485 nm was used, and the results are the mean of seven replicates.
For peptide experiments, lyophilized peptides were dissolved in MilliQ™ water (MQW) immediately before use, except for pep70-76, which required 15 min of incubation in a sonicator bath to dissolve. EAS (12 μM) was vortexed for 15 min in the absence or presence of each peptide in a 1∶1 or 1∶5 proteinto-peptide molar ratio. After vortexing, each sample was briefly centrifuged, Thioflavin-T and Tris-HCl at pH 8 were added to 40 μM and 50 mM, respectively, and fluorescence measurements were carried out as described for EAS mutants. Rodlet assembly assays with EAS, NC2, and NC2-chimera were performed in a BMG Polarstar fluorescence plate reader, maintained at 45°C. Protein concentration was 25 μg∕mL in Thioflavin-T (30 μM) and 37.5 mM glycine, pH 2.5.
Transmission Electron Microscopy (TEM). Fresh samples of proteins were prepared at 0.1 mg∕mL in 20% ethanol, or samples from ThT assembly assays were analyzed. Sample preparation and imaging were carried out as described previously (34) .
X-Ray Fiber Diffraction. Droplets of a solution containing peptide fibrils were suspended between the ends of two wax-filled capillaries and allowed to air dry at room temperature to promote fibre alignment. X-ray diffraction patterns were collected using a Cu K α Rigaku rotating anode source (wavelength 1.5418 Å) and MAR-Research image plate detector.
Atomic Force Microscopy (AFM). The surface morphologies of the protein films were characterized with a PicoSPM II AFM (Molecular Imaging) in tapping mode at ambient atmosphere. The probes used were NT-MDT NSG10 rectangular cantilevers with a resonant frequency of 190-325 kHz and nominal spring constant of 5.5-22.5 N∕m. Analysis of the AFM images was performed using PicoScan Version 5.3.3. A 100 or 200 μL drop of 10 μM hydrophobin solution in water was placed on fresh Mica and rinsed gently with MQW. Fresh mica surfaces from Ted Pella were generated by cleaving layers with adhesive tape.
Structure Determination for EAS Δ15 F72G. All NMR spectra were acquired, processed as described previously (34) . Spectra were analyzed using Sparky (T. D. Goddard and D. G. Kneller, SPARKY 3, University of California, San Francisco). Sequence specific 1 H resonance assignment was obtained using standard COSY, TOCSY, and NOESY spectra (49) . 15 N chemical shifts were measured directly from the 15 N-HSQC spectrum, with reference to a previously assigned EAS Δ15 15 N-HSQC (15) and confirmed with a HNHA. Structure calculations were carried out in ARIA1.2 using standard parameters (50) unless otherwise stated. NOESY cross-peak volumes were estimated using the Guassian fit mode in Sparky and ϕ angle constraints derived from a HNHA (51) . A total of 100, 20, and 1,000 structures were calculated in iterations 0, 2-7, and 8, respectively. Finally, the 50 lowest-energy structures were subjected to water refinement, and the 20 conformers with the lowest value of Etot were visualized and analyzed as described. Procheck statistics (over residues 2-20, 27-47, and 58-65): 66.7% of residues in most favored regions, 31.2% in allowed regions, 1.2% in generously allowed regions, and 0.9% in disallowed regions (52) . 15 N-labeled EAS Δ15 and 15 N-labeled EAS Δ15 F72G using hsqct1etf3gpsi (T 1 ) with recycle delays of 4 sec. Peak heights were fitted to a single exponential curve using the "rh" function within the Sparky program. 15 N T 2 and 15 N-1 H heteronuclear NOE measurements could not be carried out due to low sample concentration and rapid degradation experienced with 15 N-EAS Δ15 F72G.
Construction of a Model of the Rodlet Structure. Full details are given in SI Text. In brief, a rodlet segment consisting of six EAS Δ15 monomers was modeled using HADDOCK2.1 (27, 28) starting with the lowest-energy structure (PDB ID code 2K6A) in the first round of docking. A total of six rounds of docking were performed. In rounds 2-6, the middle molecule in the lowest-energy structure from the previous round was used as the starting structures. During each round of calculation, residues A1-T2, Q20-G44 Δ15 and K62-N79 were defined as flexible residues. F72 was defined as "active" and S71-I75 as "passive."
The following restraints were included: (i) hydrogen bond restraints between neighboring monomers; (ii) β-sheet dihedral angle restraints; (iii) intermolecular Asn ladder restraints between N67 residues; and (iv) dihedral angle restraints to prevent β-sheet twisting over the length of the rodlet segment. The five conformers from round 6 with the lowest Etot were analyzed. the Australian Centre for Microscopy and Microanalysis. We acknowledge the Australian Research Council for funding (LP0776672, DP0879121 and DP1093949). M.S. was supported by a National Health and Medical Research Council RD Wright Career Development Fellowship, V.K.M. was supported by a University of Sydney Vice-Chancellor's Research Scholarship, and I.M. was supported by an Australian Postgraduate Award.
